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The ‘Chicken Creek’ artiﬁcial catchment area, Welzow-South, E Germany, created to study processes
and structures of initial ecosystem development, discharges into a small experimental lake
(A=3805 m2, V=3992 m3, zmax=2.4 m). This lake was man-made in 2005 and ﬁlled by natural surface
runoff until January 2006. In summer 2006 and 2008, the actual development of sediments and the
evolution of the phosphorus (P) cycle were studied. 19.7% of the original lake volume was ﬁlled by
sediment within the ﬁrst 3 years. A ﬁne-grained sediment representing silt (6.3–63 mm) accumulated at
high accretion rates at the deepest point (200 mm a1, 0–24 mmweek1) due to massive erosion in the
catchment. The sediment is low in organic matter (2.5–5.2%) and total P (TP, 0.31–0.97 mg g1). Low
amounts of P associated with degradable organic matter and surplus of metal hydroxides (Fe:P40,
Al:P20) favor an efﬁcient P binding and low dissolved P concentrations in pore water (1–107 mg l1).
Hence, the mineral sediment quality and the low rates of P release (0.06 mg m2 d1) revealed that a
lake at an initial stage of development has essentially no sedimentary P cycle compared to eutrophic
shallow lakes. However, the increasing emersed and submersed macrophyte growth will control further
lake succession by intensifying the internal nutrient cycling. The macrophytes drive the evolution of a
sedimentary P cycle by mobilizing and translocating P, by accumulating carbon and thus by stimulating
microbial and redox processes.
& 2009 Elsevier GmbH. All rights reserved.Introduction
Many palaeo and recent approaches in limnology have aimed
to ﬁnd general factors regulating and explaining how lakes
develop and why lakes differ in fundamental properties, such as
trophy (e.g., Ha˚kanson, 2005). In particular, catchment features
and the size and form of lakes regulate general transport
processes, such as erosion and sedimentation, internal loading
and outﬂow. These processes in turn govern many abiotic state
variables, such as concentration of phosphorus (P), water
chemistry and clarity, which regulate primary and secondary
production (Wetzel, 2001).
The extent of the input of P, its retention and particularly its
present mobility (e.g., Kopa´cˇek et al., 2007), which depend on
changing source and sink functions and biological availability,
play a crucial role in the velocity and direction of lake
development. In particular, the initial dynamics of the transport
and the transformation and retention mechanisms of various P
compounds can considerably inﬂuence the sediment diagenesis
and thus the lake’s development, especially in P-limited systems.H. All rights reserved.
x: +49 30 64181 682.
rg).For our study, we chose a small lake within an artiﬁcially
established and hydrologically deﬁned catchment. The link
between catchment sediment losses and lake sediment deposition
is not always clearly deﬁned (Heathwaite, 1994). Therefore, the
well deﬁned catchment conditions offer an excellent opportunity
for recent and future matter budget calculations. The highly
dynamic surface runoff and soil erosion from the non-vegetated
artiﬁcial catchment at point ‘zero’ (Biemelt and Schaaf, 2009) and
the in-lake sediment accretion should behave similarly. Moreover,
the lake, which was established only in 2005, has a relatively
simple structure and allows the veriﬁcation of a couple of
hypotheses.
First, this system enables processes and structures in the
experimental lake to be analyzed, which should gradually become
more effective and more complex during the lake’s maturation
compared to the catchment, which has little anthropogenic
inﬂuence. This analysis should be easier than in lake ecosystems
that are already developed and have a stronger anthropogenic
inﬂuence. Second, in the present catchment state, the current
sediment loss and the in-lake sediment accretion should decrease
due to increasing vegetation cover, which stabilizes deposited
materials, offering a unique opportunity to balance the net effect
of propagating vegetation. Third, the whole system enables the
pristine evolution and intensiﬁcation of the benthic P cycle to be
studied because major artiﬁcial P sources such as point sources
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Fig. 1. Characteristics of the ‘Chicken Creek’ artiﬁcial catchment and the location
of the small experimental lake studied. The photographs represent a view from
north-west to the lake surface; in May 2006 with the bare slope and initial gully
formation due to surface erosion, and in August 2008 where the slope was covered
by vegetation.
Table 1
Morphologic characteristics of the experimental small lake within the ‘Chicken
Creek’ artiﬁcial catchment area (CA; without lake), Welzow-South (N 511370; E 014
180) in 2008.
Characteristic Unit
Water level (m a.s.l) 125.4
Area (m2) 3805
Volume (m3) 3992
Maximum depth (m) 2.4
Mean depth (m) 1.0
A. Kleeberg et al. / Limnologica 40 (2010) 102–113 103(waste water treatment plants) and diffusive losses from
agricultural activity can be excluded.
In the past, studies have generally focused on bulk or total
element chemistry using sediment cores to follow a lake’s history
of burden and/or eutrophication. Such analyses give little
information about the source of the material or any alteration in
its composition over time (e.g., Heathwaite, 1994). Here a
chemical analysis including inorganic and organic constituents
and process measurements at the sediment water interface are
combined to directly follow the accelerated lake’s and sediment’s
development and evolution of the P cycle. For example, based on
elemental ratios such as Fe:Mn, past redox conditions can be
reconstructed (e.g., Foster and Walling, 1994) and conclusions can
be drawn about the extent of benthic P cycling. In our approach, at
an initial state of the experimental lake, future repeated
measurements of O2, pore water constituents, and differentiation
of inorganic and organic P binding forms, should allow the
deduction of the developmental stages of lakes because each
sediment surface represents a different stage of development.
These stages often remain unidentiﬁed and are helpful in palaeo
and recent limnological studies in reconstructing the evolution of
the sedimentary P cycle during lake succession.
Moreover, the repetitive elemental analysis of the most recent
sediment layers at a high spatial resolution, e.g. by mm X-ray
ﬂuorescence (Croudace et al., 2006), offers the advantage that
sediment records can be compared with instrumental time series
of limnological and meteorological data, which are available for
recent years at the SFB/TR 38 (Biemelt and Nenov, 2009). The high
resolution of deposits within this period may also allow a
calibration of proxy data.
The present paper reports initial results of an investigation of
the sediments of an artiﬁcial, thus young and less structured lake
aimed at using sediment core stratigraphy and process measure-
ments at the sediment water interface to document the lake’s
actual state at point ‘zero’ and to observe what initially drives the
benthic P cycle. More speciﬁcally, the study aimed to address
three speciﬁc questions pertaining to the actual and future P
retention and mobility during catchment development: (a) What
is the magnitude of actual sediment yield and supply of P binding
partners? (b) What currently determines the internal P cycle? (c)
Are emersed and submerged plants mediating the extent of
benthic P accumulation and transformation?Water retention time (d) 289
Areal ratio CA : lake C 14.5Material and methods
Study site
The small lake studied is within the artiﬁcially established and
hydrologically deﬁned ‘Chicken Creek’ catchment (Fig. 1) in the
post-mining landscape, which was developed by the Collaborative
Research Centre (SFB/TR 38; Gerwin et al., 2009). This
experimental area is located in the Lower Lusatian Mining area,
E Germany, at the opencast pit area Welzow-South (N 511370; E
0141180) about 20 km south of the city Cottbus. The small lake is
situated on the south east downward slope of an artiﬁcial
elevation (about 10 m above the ambient post-mining
landscape) with a packed bed of clay acting as a vertical barrier
for percolating water. This clay layer is covered by a 2–3 m thick
leveled packed bed which consists of Pleistocene (Saale ice age)
pyrite- and lignite-free sandy substrates (Gerwin et al., 2009).
The small lake, with a crater-shaped bed, was created in 2005.
The subsurface was grouted with a 20–30 cm thick clay layer. The
asymmetric round hollow basin (originally about 55–653 m)
with a rectangular bottom area was already partly ﬁlled in August
2005 and completely ﬁlled after the snowmelt in January 2006(Biemelt, pers. comm.). The morphometric and chemical char-
acteristics are given in Tables 1 and 2.
Sediment sampling and analysis
Sediment accumulation – to determine the extent of the
sediment layer that has accumulated to date, transects were taken
from the inﬂow to the outﬂow (North–South transects) and also in
a perpendicular direction (West–East transects) on 14 August
2008. Sediment thickness was measured along each transect at a
5–10 m resolution using a side marker with an acoustic signal
transducer. At the same spatial resolution, 20 undisturbed
sediment cores (Ø 6 cm) down to the bottom clay layer were
taken using a sediment corer with a telescope bar (UWITEC&,
Mondsee, Austria).
The sediment cores were sliced into layers of various thickness
(0–0.5, 0.5–1, 1–2, 2–3, 3–4, 4–6, 6–8 cm. etc.) down to the
bottom clay layer. Aliquots of sediment fresh weight (FW) were
used to determine dry weight (DW, 105 1C, 8 h) and the mean
grain size by wet sieving (Brenning, 1967). From the DW, the
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Table 2
Minimum (min.) and maximum (max.) parameter values of water chemistry in 2008 (n=4 occasions) of the small lake in the ‘Chicken Creek’ artiﬁcial catchment area,
Welzow-South.
Parameter Unit Min. Max. Remarks
Secchi depth transparency (m) 0.8 2.4 Max.=bottom visibility
Conductivity (mS cm1) 549 581 Whole water column
Total phosphorus (TP) (mg l1) 14 20
Soluble reactive P (SRP) (mg l1) 1 2 Below detection limit
Ammonium (NH4
+) (mg l1) 10 20 Below detection limit
Nitrate (NO3
) (mg l1) 20 30
Chloride (Cl) (mg l1) 2.1 3.3
Sulfate (SO4
2) (mg l1) 249 256 Pelagic water of peeper
Total organic carbon (TOC) (mg l1) 9.3 10.0
Dissolved organic carbon (DOC) (mg l1) 8.6 9.7
Chlorophyll a (Chl a, probe) (mg l1) 1.2 11.4 Whole water column
Dissolved silicate (DSi) (mg l1) 0.14
The water parameters were determined by limnological standard methods and the methods described in Zwirnmann et al. (1999), respectively.
Table 3
Scheme of sequential fractionation of compounds of phosphorus (P) according to Psenner et al. (1984) with slight modiﬁcations following Hupfer et al. (1995).
Extraction step Time Fraction Phase extracted
0.1 M NH4Cl 0.5 h NH4Cl-TP Pore-water P, loosely adsorbed onto surfaces (e.g. of Fe and CaCO3), immediately available P
0.11 M bicarbonate/dithionite (BD) 1 h BD-SRP Redox-sensitive P, mainly bound to Fe-hydroxides, Mn-compounds
BD-NRP Organic proportion; P of metal-associated organic matter
1 M NaOH 16 h NaOH-SRP P bound to metal oxides, mainly of Al and Fe, which is exchangeable against OH; inorganic
P compounds soluble in bases
NaOH-NRP Organic P of microorganisms and detritus; humic matter-bound P
0.5 M HCl 16 h HCl-TP P bound to carbonates and apatite-P, traces of hydrolyzed organic P
K2S2O8, 120 1C, pH 1 2 h Residual P Organic and other refractory P
SRP=soluble reactive P, NRP=non-reactive (organic) P, as determined as the difference between total P (TP) and SRP in the NaOH fraction.
A. Kleeberg et al. / Limnologica 40 (2010) 102–113104proportion of organic matter (OM) was determined as loss on
ignition (450 1C, 3 h). To determine metals and total P (TP),
samples were digested by H2SO4 and H2O2 (Zwirnmann et al.,
1999). The digestion procedure was modiﬁed as follows: heating
to 120 1C within 1 h, 120 1C for 3 h, heating to 160 1C within 0.5 h,
160 1C for 3 h, cooling to 90 1C, and further cooling to room
temperature. The concentrations of Fe, Al and Ca were determined
by AAS (Perkin Elmer 3300, Rodgau-Juegesheim). After neutrali-
zation, the TP concentration was determined as soluble reactive P
(SRP). SRP was photometrically determined after ﬁltration
(0.45 mm) by the molybdenum-blue method at l=880 nm
(Murphy and Riley, 1962) using a segmented ﬂow analysis
(SFA, Skalar Sanplus, Skalar Analytical B.V., De Breda).
One sediment core was divided length-wise in two. One half
core was used to determine the vertical metal distribution at
200 mm resolution by mm X-ray ﬂuorescence (mXRF) using an
ITRAX core scanner (Cox Analytical Instruments, Mo¨lndal, Swe-
den). Methodological details are described elsewhere (Croudace
et al., 2006). The other half core was sliced according to visible
characteristic sediment layers and analyzed by conventional
methods (see above) to calibrate the ITRAX scanner data.
Phosphorus binding forms – to determine the sedimentary P
binding forms, a sequential P fractionation scheme according to
Psenner et al. (1984) with a few modiﬁcations according to Hupfer
et al. (1995) was applied (Table 3). Additionally, the concentrations
of Fe and Al were measured in the BD- and NaOH-solutions
representing available Fe (FeBD) and Al (AlNaoH) hydroxides.
Phosphate sorption capacity – the maximal phosphate sorp-
tion capacity (PSC) was determined in duplicate using fresh
sediment. The data evaluation followed in principle the procedure
by Schlungbaum (1982) and Schulz and Herzog (2004). Fresh
sediment corresponding to 1 g DW was weighed and 20 ml of a
deﬁned P solution was added. In total, nine P concentration
ranges were dissolved both from a commercial stock solution(0–100 mg l1, Merck p.a.) and from a weighted sample of
KH2PO4 (250–500 mg l
1). After 3 h incubation in an orbital
shaker, and centrifugation (10,060 g, 10 min) the supernatant was
ﬁltered (0.45 mm, CA membranes, Whatman), and the phosphate
concentration was photometrically determined as SRP. Addition-
ally, the SRP concentration of pore water (centrifugation, 10,060 g,
10 min) was considered in the calculation of PSC.
As the ratio of the equilibrium concentration (C, mg l1) to the
amount of sorbed P (SP, mg g1) increases, the Langmuir
adsorption isotherm can be expressed as a line of the type
y=ax+b with
C
SP
¼ C
PSC
þ K
PSC
ð1Þ
where PSC is the maximal phosphate sorption capacity (mg g1),
and K is the half saturation constant (mg l1).
Pore water – for pore water proﬁles, an in situ pore water sampler
(peeper; Hesslein, 1976) with a polysulfone membrane (0.2 mm HT-
Tuffryn 200s, Pall GmbH, Germany), was deployed at the deepest
site of the lake for 14 days (8–21 October 2008). Turnover and ﬂux
rates of SRP, (provided that PO4
3 equals SRP), NH4
+, Fe2+, and SO4
2
were determined based on their vertical concentration proﬁles, and
processed by the statistical program ‘Proﬁle 1.0’ (Berg et al., 1998).
Diffusion coefﬁcients were drawn from the compilation of Li and
Gregory (1974) and converted to the in situ conditions (8 1C, pH 8.2)
according to Furrer and Wehrli (1996).
Oxygen measurements – vertical proﬁles of dissolved oxygen
(O2) were determined in the laboratory in undisturbed cores by a
Clark type microelectrode with an outer tip diameter of 50 mm
(OX50 standard, Unisense, Science Park Aarhus), which was
positioned by a motor-driven micro-manipulator with computer-
ized depth control (see Ku¨hl and Revsbech, 2001). Turnover
and ﬂux rate of O2 were processed analogous to pore water
constituents.
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Vertical and horizontal sediment distribution and composition
Within only 3 years, the bottom of the original hollow basin
was covered by a layer of sediment (Fig. 2) originating from the
initial massive surface erosion in the artiﬁcial catchment. The
thickness of this sediment layer increased with water depth and
was 0.05–0.1 m at the shores at water depths of 0.2–0.4 m and
0.4–0.67 m at water depths 42 m. As favored by the shallow
western shore and due to an invading reed stand, a layer of recent
sediment formed which was more developed than the one at the
steeper eastern slope (Fig. 2). The sediment thicknesses (weighted
arithmetic mean) on the North–South transect (n=13) and the
West–East transect (n=17) averaged at 0.3 m each.
From 2006 to 2008, 19.7% of the original lake volume
(6483 m3) ﬁlled with sediment, which corresponds to a volume
of 1280 m3 fresh sediment. Including all 334 single samples
(weighted arithmetic mean) the total proportion of DW amounts
to 56% FW (r=2.65 g cm3) and that of OM amounts to 3.5% DW
(r=1.4 g cm3). At a DW proportion of 56% FW and a mean
density of 1.91 g cm3, 2445 t sediment DW accumulated. This
mass in turn corresponds to a mean erosion rate of 13.9 kg m2
a1, provided that it was equally imported from the total area of
the catchment (Fig. 1) over the 3 years. The high matter losses in
the catchment and the respective matter input is not surprising
because lakes are the most important sinks in the landscape and
form a functional unit with their catchments (e.g., Foster and
Walling, 1994). At present, soil erosion is highly dynamic in the
experimental catchment, which was initially free of vegetation
and is currently low in vegetation (Biemelt and Schaaf, 2009).
Hence, the erosion rate calculated appears plausible. At a
precipitation between 349 and 595 mm a1 in 2006 and 2007
with maxima of 15 and 32 mm d1 respectively, our rate is in the
same range as sites with similar conditions. As reported by
Biemelt et al. (2005), a 1 year study of a non-vegetated monitoring
area (33 m2, slope 5–15%) in the post-mining landscape at
Schlabendorf-North at a precipitation of 483 mm a1 resulted inFig. 2. (a) Longitudinal section and (b) cross section of the small experimental lakea mean erosion rate of 18 kg m2 a1. However, particularly
during short-term higher precipitation intensities, the mean rate
of 0.034 g m2 min1 can be considerably exceeded by rates from
1.9 to 63.4 g m2 min1 (Kleeberg et al., 2008). Thus, speciﬁc
matter inputs documented in the sediment of the experimental
lake are event-related. This in turn should lead to a feedback of
the sediment, particularly if an intense P cycle is established,
which would have a crucial inﬂuence on the further development
of the lake and its productivity.
Considering all vertical sediment proﬁles and the morpho-
metry of the lake, particularly based on the North–South tran-
sect (Fig. 3), different sediment qualities can be distinguished.
Both the inﬂow area, which is an alluvial fen, and the outﬂow
zone have larger proportions of DW and lower proportions of OM
in a larger span. A homogenous sediment with lower DW and
higher OM proportions accumulated in the basin, i.e. at water
depths 42 m. According to the OM proportion of mostly o5%
DW, the lake’s deposits are a mineral sediment. The mean grain
size indicates that silt accumulated; in the inﬂow area this was
coarse silt (0.02–0.063 mm) and in the basin and at the outﬂow
area the mean silt (0.0063–0.02 mm) represented clastic
sediment between coarser sand and ﬁner clay. Thus, the lake
morphology and the related sediment focusing are basic drivers of
a P cycle.
DW and OM of the three different lake regions differed in
their vertical course (Fig. 4). DW at the inﬂow and outﬂow area
(45 cm sediment depth) was about 1.5-fold higher than at the
basin area and decreased towards the sediment surface slowly
and particularly in the upper 5 cm signiﬁcantly. This horizon was
comparably water-rich in all lake regions. The OM content,
which also displayed small variations between the mean
proﬁles, increases irregularly towards the sediment surface,
indicating its slow accumulation either due to import from the
catchment or sediment focusing from the shallower sites, i.e. the
inﬂow and outﬂow regions of the lake, which are mostly
dominated by macrophytes. However, OM content in the basin
at 30–40 cm depth is about 5-fold higher than in the inﬂow area,
and 2-fold higher at 5–15 cm depth and similar only in thein the ‘Chicken Creek’ artiﬁcial catchment, Welzow-South, on 14 August 2008.
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accumulation. As reported by James and Barko (1990) for a
shallow artiﬁcial impoundment, Eau Galle, Wisconsin, USA,
submerged macrophytes such as Ceratophyllum demersum L.
and Potamogeton spec. inﬂuenced the zonation of sediment
accretion and composition. As a consequence, low densityFig. 3. Box plots of dry weight (a) and organic matter (b) in a North–South
transect (inﬂow–outﬂow) of the small experimental lake in the ‘Chicken Creek’
catchment. Each box contains the minimum, the ﬁrst (lower) quartile, the median
(thick line in the box), the third (upper) quartile and the maximum. The numbers
in (b) represent the number of horizons sliced and single samples analyzed down-
core, on 14 August 2008.
Fig. 4. Mean7standard deviation (SD) of dry weight (a), and organic matter (b) of sedim
basin (n=5), and the outﬂow area (n=3). To improve readability, only the SD of the basediments with relatively high OM and nutrient concentrations
were found in both the littoral and accumulation zones.Event-related chronology of sediment accumulation
The vertical proﬁle from the basin represents the chronology of
accumulation of sediment and its constituents at a high resolution
(Fig. 5). The core stratigraphy visible from the X-ray radiography
shows that thicker and brighter layers were deposited ﬁrst above
the bright clay layer followed by increasingly darker and thinner
layers. The changes of color can be attributed to succession in the
catchment area. In the initial stage, the input is dominated by
erosion in a unvegetated catchment where large, long gullies have
formed (Gerwin et al., 2009). Towards the sediment surface, the
layers became darker most probably due to traces of OM which
act as marker for periods with lower matter input. It is assumed
that rain events are more clearly detectable by visualization and
X-ray radiography with the development of vegetation in the
catchment area. According to the length of the core and the time
from the start of ﬁlling of the pit in summer 2005 until the
sampling of the core in August 2008, the mean sediment accretion
rate was approximately 200 mm a1.
The sediment accretion rate was estimated at a higher
resolution by dividing the weekly DW erosion rate (g m2
week1) by the sedimentary DW (g m3), provided that the
erosion rate is proportional to the weekly precipitation and the
respective surface runoff. The accretion rate over the longest core
of the basin varied between 0 cm week1 (neglecting the low
autochthonous production) and 2.4 cm week1. For example,
within the 4 rainy weeks in May 2007 with 21.2–54.4 mm
week1 (sum 131.4 mm) the short-term sediment accretion
amounted to 5.8 cm, whereas in dryer periods there was no
sediment accumulation (Fig. 5). To verify this approach the most
distinct rain event (a period of 4 consecutive weeks with 21.2–
54.5 mm rain in May 2007) were related to the theoretical
cumulative sediment accretion (right panel in Fig. 5). The
resulting depth of 290 mm (from the surface) corresponds very
well with the most distinct metal signals within the cores at theent in its vertical course of the North–South transect for the inﬂow area (n=4), the
sin proﬁle is shown, on 14 August 2008.
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Fig. 5. X-ray radiography of a half core taken by an ITRAX core scanner (left panel). Vertical proﬁle of Fe, Ca and Al concentration and of weekly precipitation (prec.; sum of
daily precipitation) and the deduced sediment accretion (accr.) from August 2008 back to September 2005. The core scanner data at a 200 mm resolution were calibrated
from a core sliced visually according to event (n=15 horizons) with data analyzed by conventional wet digestion and elemental analysis by AAS.
Table 4
Mean value and standard deviation of the amount of precipitation (sum of the
week, see Fig. 5) and of the precipitation-related elemental accumulation in the
sediment before week 81 (end of May 2007, older sediment, n=63 weeks) and
after week 81 (younger sediment, n=81 weeks).
Parameter Before After
Precipitation (l m2) 7.9078.14 10.66711.27
Fe (g l1) 35.975.36 39.174.01
Ca (g l1) 10.471.42 9.770.99
Al (g l1) 90.976.77 78.477.96
A. Kleeberg et al. / Limnologica 40 (2010) 102–113 107same depth. Using this dating the resulting mean accretion rate is
slightly higher in the period after ‘week 81’ (23.5 mm a1) than
before ‘week 81’ (19.9 mm a1). Despite the described changes in
the catchment the accretion rates seem to be mainly controlled by
rain events, which was higher in the period after week 81
(Table 4). Nevertheless, the approach provides a rough estimation
of the sediment chronology because a certain proportionality,
e.g. between precipitation, surface runoff and matter import
was presumed. Further element scanning of the sediment proﬁle
is intended at later occasions to measure the ongoing sedi-
ment accretion by dating via parallelization of vertical element
patterns.
The strongly oscillating vertical distribution of Fe, Ca and Al
(Fig. 5) shows that the matter import, and consequently the
resulting soil erosion in the catchment, was irregular and pulsed
in dependence on precipitation (and -intensity). Note that each
value of the vertical proﬁle of elements represents a mean of
n=20 at 200 mm measuring resolution as adapted to the
respective weekly precipitation.
Precipitation was measured daily for 145 weeks (=2.8 years)
from 30 September 2005 to the time of core sampling on 14
August 2008. The year 2007 was a ‘normal’ year with an annual
precipitation of 595 mm. There was a signiﬁcant non-linearrelationship between the daily precipitation (prec., sum of hourly
measurements, mm d1) and the surface runoff (Q, l s1) in the
catchment: Q=0.0098prec.2+0.0894prec., R2=0.722, P=0.05,
n=365 d. It shows that Q increases with increasing precipitation.
Consequently, heavy rain events, such as in week 81 (25–31 May
2007, 54.4 mm), and consecutive dryer periods (weeks 68–72,
0–1.4 mm) are clearly reﬂected as signals of elemental maxima
and minima (Fig. 5). The absolute minimum applies to all
parameters plotted and denotes a certain reversal from a period
of obviously higher and increasing matter import (Fe and Ca)
towards a period of rather stable conditions. Remarkable is the
proportionality between the amount of the weekly precipitation
before (older sediment) and after week 81 (younger sediment),
and the precipitation-related elemental accumulation in the
sediment (Table 4). The comparison of sediments before and
after indicates a slight trend of Al and Fe so that the ratio between
Al:Fe decreased.
The recently accumulated sediment is characterized by a high
atomic Fe:P, Al:P as well as high Al:Fe ratio (Table 5), particularly
if compared to matured soil systems. Ankers et al. (2003) studied
the inﬂuence of catchment characteristics on suspended sediment
quality in a range of catchments (n=10), which are representative
in terms of topography, land use and soil characteristics
throughout SW England, UK. Overall, the suspended sediment
from the soil types and their mixtures – ‘brown earth’, ‘calcareous
pelosols’, ‘pelo-stagnogley’, ‘argilic brown earth/brown redzinas’
and ‘stagnogleyic argilic brown earth/pelo-stagnogley’, exhibited
P concentrations (467–792 mg g1) similar to the sediment
accumulated in the experimental lake. However, due to lower
metal concentrations (mean7SD; Fe: 2076.7 mg g1; Al:
8.072.1 mg g1) and a lower mobility, the respective atomic
ratios Fe:P (1878), Al:P (1.470.5) and Al:Fe (0.870.2) were
signiﬁcantly lower than those found in the experimental lake
(Table 5).
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Sedimentary TP contents are relatively low (Table 5). The
lowest TP content of surface sediment at the inﬂow area isTable 5
Mean composition (n=2–6) of sediment used for the determination of phosphate
sorption capacity (PSC) of the inﬂow, of different horizons of the basin and the
outﬂow area of the small experimental lake (08 October 2008).
Parameter Inﬂow Basin Outﬂow
0–5cm 0–5 cm 20–25 cma 0–5 cm
Dry weight (DW) (% FW) 54.5 48.9 54.4 45.0
Organic matter (% DW) 2.5 5.2 4.3 4.2
Mean grain size (mm) 0.0418 0.0105 0.0106 0.0119
Fe of bulk sediment (mg g1) 20.9 39.9 39.7 37.8
Fe:P of bulk sediment (atomic) 37.3 25.0 22.6 36.3
Fe in BD solution (mg g1) 3.71 n. d. n. d. 5.04
Fe:P in BD fraction (atomic) 43.7 n. d. n. d. 41.3
Al of bulk sediment (mg g1) 34.2 75.8 72.7 71.7
Al:P of bulk sediment (atomic) 126.7 98.9 86.1 141.9
Al in NaOH solution (mg g1) 1.48 n. d. n. d. 3.0
Al:P of NaOH fraction (atomic) 20.0 n. d. n. d. 20.1
Al:Fe of bulk sediment (atomic) 3.4 3.9 3.8 3.9
Al:Fe of NaOH/BD (atomic) 0.83 n. d. n. d. 1.23
Ca (mg g1) 9.2 11.9 11.5 12.7
Mn (mg g1) 9.1 11.5 11.4 9.9
TP (total P) (mg g1) 0.31 0.88 0.97 0.58
TP (% PSC) 32.0 42.2 37.5 26.3
a At a sediment accretion rate of 200 mm a1 (Table 7) this layer corresponds
to the sediment surface in 2007. FW – fresh weight, BD – bicarbonate dithionate
(see Table 3).
Fig. 6. Mean values (n=2) of P binding forms according to the sequential P fractionatio
inﬂow area, the basin and the outﬂow area of the lake in 2006 and 2008. The 20–25 cm
reactive (organic) P, as determined as the difference between total P (TP) and SRP in
adsorbed onto surfaces (e.g., of Fe and CaCO3), immediately available P; BD-TP: redox-
proportion and P of metal-associated OM; NaOH-SRP: P bound to metal oxides, mainly
soluble in bases; NaOH-NRP: organic P of microorganisms and detritus as well as humic
organic P; Residual P: organic and other refractory P.attributed to its general composition, which exhibits the largest
mean grain size and the lowest Al and Fe contents. In the basin,
there are now differences in TP between the surface sediment
in 2008, at 20–25 cm depth (representing the sediment surface
in 2007), and the sediment surface in 2006. Still the TP content
of lake sediment is determined by the high portion of sandy
substrates from the catchment. For example, a comparative
study statistically explained the P variability among 95 lakes
(Ha˚kanson, 2005) by variations in catchment parameters:
(a) the more bare rock, the lower the P transport from land to
water, (b) the more cultivated land, the higher the P transport
from land to water, and (c) the larger the catchment area
relative to the lake area, the higher the P transport from land to
water.
Furthermore, there were neither horizontal nor vertical
differences in the distribution of the P binding forms according
to the P fractionation (Fig. 6). In concordance with the
composition of sediments, and in particular the metal
concentrations (Table 5), mineral P including Ca-bound P
predominated (34–46% TP) followed by metal-bound P forms
(BD-TP, NaOH-SRP; 27–42% TP). The Redox-sensitive P
proportion (BD-TP) amounted to 12–14% TP. Because of the
low OM proportion of the sediment, the proportion of organic-
bound P (NaOH-NRP) was very low at 3–6% TP (Fig. 6). As
reported for eutrophic shallow lakes, the sedimentary organic-
bound P can predominate in the benthic P pools and can be
signiﬁcantly higher, e.g. 26.1% TP in Lake Petersdorf (Hupfer
et al., 2004) and 35.6% TP in Lake Großer Mu¨ggelsee (Kleeberg
and Kozerski, 1997).n (Psenner et al., 1984; Hupfer et al., 1995; Table 3) of surface sediment from the
layer represents the sediment surface in 2007. SRP=soluble reactive P, NRP=non-
the NaOH fraction. The P forms are as follows: NH4Cl-TP: pore water P, loosely
sensitive P, mainly bound to Fe hydroxides and Mn compounds as well as organic
of Al and Fe, which is exchangeable against OH as well as inorganic P compounds
matter-bound P; HCl-TP: P bound to carbonates and apatite-P, traces of hydrolyzed
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Fig. 7. Vertical proﬁles of measured and calculated concentrations at the sediment water interface as well as turnover rates at the deepest site of the experimental lake on
21 October 2008 of (a) soluble reactive P (SRP), (b) ammonium (NH4
+), (c) dissolved Fe, and (d) sulfate (SO4
2). For the release rates see Table 5.
A. Kleeberg et al. / Limnologica 40 (2010) 102–113 109Al and Fe hydroxides, as determined in the P fractionation
extractants NaOH and BD (Table 3), are a reasonable predictor of
the ability of sediment to release P. If the Al:Fe ratio (based on
Al(OH)3:Fe(OH)3) is 43, only low amounts of P are released
under low redox conditions (Kopa´cˇek et al., 2007). Thus, the
current Al:Fe ratio (based on AlNaOH:FeBD) in the experimental
lake (Table 5) o3 indicates that a later stage of sediment
diagenesis the redox-controlled P binding by iron could become
more important.
Al salts (e.g., Al2(SO4)3, Na3[Al(OH)6]) are used for P inactiva-
tion. Atomic Al:P ratios between 4.6 and 27.5 (n=21 lakes) are
documented to be sufﬁcient to control benthic P release (Welch
and Cooke, 1999), and an Al:P ratio of 100:1 is optimal when
determining dosage requirements (James et al., 2000). Hence, an
Al:P ratio (NaOH fraction) of 20 (Table 5) indicates an efﬁcient P
immobilization.
The sediments used for the determination of phosphate
sorption capacity (PSC) are characterized in Table 5. The PSC(Langmuir isotherms, not shown) of the surface sediment
(0–5 cm) was 0.97 mg g1 for the inﬂow, 2.09 mg g1 for the
basin and 2.19 mg g1 for the outﬂow. The PSC of the basin at
20–25 cm depth, which corresponds to a sediment accretion rate
of 200 mm a1 to the sediment surface in 2007, was 2.59 mg g1.
Thus the PSC was between 2.4- and 3.8-fold higher than the TP of
sediment (Table 5). Hence, the maximal PSC determined reveals
that the sediment can theoretically bind more P than is currently
reﬂected by the TP of sediment. Nevertheless, the PSC is rather
low compared to values for eutrophic lakes that range between
1.04 and 9.52 (Kozerski and Kleeberg, 1998). Firstly this is because
the PSC is restricted to the metal hydroxides in surplus (relative
high atomic FeBD:P and AlNaOH:P ratios) which is in accordance
with the results of the P fractionation (Fig. 6). Secondly, OM,
which also effectively binds P is not available in the same
quantities as in the muddy sediments of eutrophic lakes. In the
experimental lake, both the low TP content of the sediment and
the predominance of metal-bound P forms at low proportions of
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mobility is currently low.Sediment pore water proﬁles and dynamics
At the sediment water interface, there were characteristic
concentration gradients of dissolved compounds (Fig. 7), with the
respective ﬂuxes and turnover rates given in Table 6. At
1–107 mg l1, the pore water SRP concentration was low
compared to other lakes. The NH4
+ concentration in the water
overlying the sediment is low at 10 mg l1, and increased with
increasing sediment depth to 2.3 mg l1 indicating mineralization
and accumulation of NH4
+. Consequently, the NH4
+ turnover is low.
Because SRP and NH4
+ originate from the same source (OM), there
is usually a linear correlation between both parameters in pore
water. The fact that there is no correlation suggests that SRP is
currently effectively metal-bound, used efﬁciently and recycled
by biota.
The dissolved Fe concentration in pore water was remarkably
high and amounted to a maximum of 17.9 mg l1. Thus, the
atomic Fe:P (SRP) ratio was very high at 27–136. Consequently,
ﬂuxes and turnover rates of SRP were negligible (Table 6) in terms
of supplying P to the water column. The dissolved Fe concentra-
tion in the pore water at the inﬂow area was 0.34–27.7 mg l1,
which was on average 1.6-fold higher than that of the outﬂow
area (0.11–8.49 mg l1). Similarly, the pore water concentrations
of Cl1, SO4
2 , and Mn2+ at the inﬂow were about 1.8-, 1.2- and
1.1-fold higher than those of the outﬂow (Cl: 3.8 mg l1, SO4
2:
119.1, Mn2+: 5.6 mg l1). The pore water atomic Fe:P ratio varied
between 7–439 (inﬂow area) and 10–313 (outﬂow area) and
averaged at 117 and 114, respectively. Thus in the experimental
lake, the pore water Fe:SRP ratios are remarkably high and are
regarded as an indicator for P mobility. A high ratio and low SRP
concentrations were found to assure efﬁcient adsorption on re-
precipitated Fe oxyhydroxides (e.g., Baccini, 1985).Table 6
Flux (positive: into overlying water, negative: into sediment) and turnover rate
(depth-integrated production and consumption of n horizons, respectively;
compare to Fig. 7) of soluble reactive P (SRP), ammonium (NH4
+), dissolved Fe,
sulfate (SO4
2), and dissolved oxygen (O2) at the sediment water interface in the
basin (peeper of 21 October 2008).
Parameter Unit R2 n
SRP Flux (mg m2 d1) 0.06
Turnover (mg m2 d1) 0.09 0.887 3
NH4
+ Flux (mg m2 d1) 0.71
Turnover (mg m2 d1) 0.49 0.992 4
Fe Flux (mg m2 d1) 3.1
Turnover (mg m2 d1) 2.6 0.991 4
SO4
2 Flux (mg m2 d1) 91.8
Turnover (mg m2 d1) 85.7 0.999 3
O2 Flux (mg m
2 d1) 549
Turnover (mg m2 d1) 551 0.999 4
Table 7
Measured parameters and rates for surface sediment (0–5 cm) of the basin in the small s
comparable ‘developed’ polymictic eutrophic shallow lakes.
Parameter and rate Unit Study lake
Organic matter (% FW) 4–5
Total P (mg g1) 0.6–1.0
O2 consumption (mg m
2 d1) 549.0
Sulfate reduction (mg m2 d1) 91.8
Release rate SRP (mg m2 d1) 0.06
NH4
+ (mg m2 d1) 0.7
Sediment accretion (mm a1) 200With high SO4
2 concentrations in the water column (Table 2)
and low consumption, the SO4
2 concentration was zero only at
16 cm depth (Fig. 7). The respective ﬂux and turnover rate of
SO4
2 (Table 6) reveals a considerable potential for SO4
2
reduction.
As calculated from the vertical proﬁles presented in Fig. 7, the
ﬂuxes (release rates directed towards the overlying water) and
turnover rates of SRP and Fe were rather low (Table 6) compared
to those of nutrient-rich shallow lakes (Table 7). Hence, the SRP
release rate is at present of minor importance in terms of
supplying P to phytoplankton. Nevertheless, changes in the
direction and extent of P mobility are, at least with respect to
the availability of reactive Fe compounds for P binding (BD-P,
Table 5), to be expected in the future.
The rates of SO4
2 consumption via SO4
2 reduction are at
present still relatively low (Table 6) compared to those reported
in the literature (Table 7). However, the further accumulation of
OM (increase in the proportion of carbon available to microbes)
will increase both the O2 demand of the sediment (decrease in O2
penetration depth) and anaerobic SO4
2 reduction, which is at
present obviously C-limited. The stimulation of SO4
2 reduction,
which leads to formation of sulﬁde (HS), which in turn can react
with ferrous Fe (Fe2+) to insoluble iron sulﬁdes (FeSx), could
contribute to an immobilization of iron that is not available for P
binding (e.g., Roden and Edmonds, 1997).
The diffusive ﬂux and turnover rate of O2 (Table 6) are in the
lower range of O2 consumption rates compared to those reported
in the literature (Table 7) because O2 consumption equivalents
such as OM are present in low concentrations. The O2 penetra-
tion depth in dependence on the sediment properties and O2
consumption was 2.5 mm. However, this can be inﬂuenced
to a large extent by the ﬁlamentous green algae colonizing
the surface sediment. The considerably high O2 saturation in
the water column of real lakes and the O2 diffusion into the
upper sediment-mm favor P binding onto oxidized Fe
compounds (BD-P).
Vegetation and its potential impact on sediment accumulation and
phosphorus reactivity
An inspection of the vegetation in August 2008 illustrated the
rapid progress of colonization and spreading of emersed and
submersed macrophytes and benthic algae. Brieﬂy, the common
reed (Phragmı´tes austra´lis(Cav.) Trin ex Steud.) on the western
slope was able to propagate by at least 2 m long rhizomes during
one vegetation period over the water surface. As favored by the
light climate, ample populations of the pondweeds Potamogeton
natans L. and P. lucens L., and scattered individuals of the Eurasian
water-milfoilMyriophyllum spicatum L. colonized water depths up
to 1 m. Predominant at the shallow areas (0.2–1 m depth)
particularly at the outﬂow, ﬁlamentous green algae such as
Rhizoclonium and Zygnema spec. formed extended canopies on the
sediment surface.tudy lake at an initial stage of development in comparison to those of sediments in
Shallow lakes Source
20–30 Kozerski and Kleeberg (1998)
0.51–3.62 ––‘‘ ––
0.3y4000 Burger et al. (2007)
5–1600 Holmer and Storkholm (2001)
1.6–125 Kozerski and Kleeberg (1998)
270y2200 Burger et al. (2007)
0.4–1.8 Kozerski and Kleeberg (1998)
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Fig. 8. Important structures and processes, and feedback mechanisms in
connection with the sediment formation and the initialization of the phosphorus
(P) cycle in a lake. A: at an initial state of development, and B: at a later developed
state; Pmin – mineral P forms, Porg – organic (bound) P, PFeOOH – P bound to iron
oxyhydroxides, Ppart – particulate P, Pret – P forms retained in the sediment, Pbio –
bioavailable P, Corg – organic carbon. For the relevant processes (#) details are
given in the text.
A. Kleeberg et al. / Limnologica 40 (2010) 102–113 111Despite the very low pore water SRP concentrations (Fig. 7),
rooted macrophytes are known to be fully capable of deriving
their P nutrition exclusively from the sediment. As reported by
Barko and Smart (1980), P absorption and translocation into
shoots (i.e., mobilization) was substantial, and in some cases
suggested a more than 1000-fold turnover of pore water SRP over
a 3-month period. Thus the macrophyte-mediated P release rates,
for Egeria spec. 1.64–2.88 mg m2 d1, Hydrilla spec. 0.27–
1.37 mg m2 d1, and Myriophyllum spec. 0.41–4.38 mg m2 d1
(Barko and Smart, 1980) were 4.5- to 72.5-fold higher than our
calculated pore water P ﬂuxes (Table 6). This emphasizes the
importance of submerged macrophytes in initiating a P cycle.Conceptual model of evolution of sedimentary phosphorus cycle
The large accretion of sediment (60 cm, Fig. 2) in the small
experimental lake, spanning only 3 years, and the current
composition reﬂect the strong interconnection between a lake
and its catchment. Weathering of P-containing minerals in the
catchment area is usually a slow process (e.g., Sharpley et al.,
1999). Thus, in this manner only little P is mobilized and
accumulated in the lake sediment (Table 5). Internal lake
processes, however, can considerably enhance P mobilization
(e.g., Roden and Edmonds, 1997). Thus, the coupled mechanisms
of C turnover and P mobilization can lead to positive feedbackeffects. Fig. 8 illustrates the main processes of an initial P cycle
compared to the cycle in later stages of lake development.
Event-related changes (Fig. 5) of sedimentation (process #1)
and resuspension lead to the formation of transport- and
accumulation-zones at the bottom (Figs. 3 and 4). Due to the
selective transport of particles, sediment is spatially sorted
according to sediment properties (Table 5). Hence, the initial
morphology determines whether and to what extent which
materials are translocated and thus which C and P compounds
temporarily accumulate in the sediment or are entrained into
the pelagial. Moreover, resuspension is often related to milieu
changes, which in turn inﬂuence the redox-controlled P binding
onto iron (Gerhardt et al., 2005) or lead to sorption/desorption of
P (Krogerus and Ekholm, 2003). An initial colonization of the
mineral sediments – still poor in resources – by ﬁlamentous
green algae, which are good competitors for C sources (Frost and
Elser, 2004) and their resuspension can enhance the C accumu-
lation.
Macrophyte stands represent an important P retention
structure within a lake. However, macrophytes can also enhance
benthic P mobility. One well described positive feedback involves
acceleration of P cycling by submersed macrophytes (reviewed by
Barko et al., 1991; Barko and James, 1998). Accordingly, sediment
P, even if rather tightly (metal) bound (Fig. 6, Table 5), is taken up
by roots (#2). Macrophytes can mobilize particulate bound P since
they inﬂuence the biogeochemical conditions in the rhizosphere
on a small scale. Due to the release of acids and exudates, the root
surface forms a reactive surface for different chemical and
microbial processes (Sorrell et al., 2002), which can inﬂuence
the stability of mineral phases (#2). Short-chain organic acids
mobilize P sorbed to iron hydroxides (e.g., Thomsen et al., 2005).
Macrophytes thus act as a ‘P pump’, transporting P towards the
water body (Smith and Adams, 1986; #3). In this manner P is
mobilized and translocated to shoots and subsequently released
rapidly upon seasonal senescence (#4).
This P recycling increases P availability in the open water
where P can be used by phytoplankton leading to a further C
ﬁxation, which in turn accelerates OM production and accumula-
tion at the surface sediment (Fig. 4). Due to focusing, this is
particularly pronounced in deeper lake parts (Fig. 3).
Macrozoobenthos can also be an important driver in P
turnover and retention (Lewandowski and Hupfer, 2005). As early
as May 2006, the experimental lake was colonized by larvae of
non-biting midges, Chironomidae, such as species of the Chir-
onomus plumosus group, of the Microtendipes pedellus group and a
Cryptochironomus spec. Due to bioirrigation, these larvae form
concentric redox zones around their living tubes (Aller, 1994).
Moreover, macrozoobenthos increases the microbial decomposi-
tion of organic matter (Ferro et al., 2003).
The increasing allochthonous C input (#5) and the biomass
produced by pelagic and benthic production lead to deposition
and accumulation of OM (#6) and induce redox processes at the
sediment water interface (#7). As in terrestrial systems, the
quality of the OM and the availability of electron acceptors
determine the decomposition rate (Grimm et al., 2003).
The decomposition of OM, especially via iron and sulfate
reduction, is crucial for the mobilization of inorganic P, bound by
sorption to iron hydroxide surfaces (Roden and Edmonds, 1997;
#7). Due to aerobic and anaerobic redox processes, not only
organic C compounds, but also organic P compounds are turned
over (Turner et al., 2005; #8). The further succession of vegetation
and the redox cycles in the catchment area and in the lake will
generate P forms which are favourable for intensiﬁcation of the
lake internal P cycle (#8).
In conclusion, the actual sediment accumulation and composi-
tion in an artiﬁcial lake at an initial state of development clearly
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quality and low reactivity. Comparing these characteristics with
those of nutrient-rich shallow lakes shows that the sedimentary P
cycle, crucial for the future lake development, is currently
dominated by P accumulation. However, our study also suggests
that an increasing import of OM both from terrestrial and
aquatic vegetation increasingly contributes to accumulation of C,
stimulating microbial and redox processes. In this manner,
primarily aquatic macrophytes will accelerate the shift from a
geochemical to a biogeochemical sediment diagenesis and
essentially drive the evolution of a sedimentary P cycle by
mobilizing and translocating P to other biota.Acknowledgements
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